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ABSTRACT
This thesis is concerned with the problem of how the positive ions 
are energized by the two-dimensional potential structures along auroral 
field lines; these auroral potential structures are known to be 
responsible for accelerating electrons into the ionosphere to produce 
discrete auroras. A systematic numerical study of the test ion dynamics 
in auroral potential structures, either V-shaped or S-shaped, has been 
carried out. Transverse ion accelerations occur if the width of the 
auroral potential structure (L ) is smaller than the ion gyroradius (p^). 
This result shows that the conic distribution of upstreaming ions 
observed on auroral field lines can be generated by the same potential 
structures which produce the thin auroral arcs P^)* This transverse
acceleration mechanism operates more effectively on heavier ions, 
resulting in 0+ ions more energetic than h"1" ions as indicated by 
observations.
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1. Introduction
Intense fluxes of upward flowing H and 0 with energies in keV 
range are frequently observed with experiments on the S3-3 satellite 
in the auroral and polar region (Ghielmetti et al. , 1978; Gorney et 
al., 1981). The observations indicate that the energetic upward- 
flowing ions are of ionospheric origin. The upward-flowing ion 
events are classified into beams and conics. The ion distributions 
of beams have peak fluxes along the magnetic field direction, and 
those of conics exhibit flux maxima that are not field aligned.
The observation of upflowing ion beams requires parallel 
acceleration below the satellite since the magnetic mirror force 
alone cannot convert enough perpendicular energy to parallel energy 
to produce a beam at S3-3 altitudes. Similarly, the existence of 
upward-flowing ions with conical pitch-angle distributions requires 
perpendicular ion acceleration at altitudes below the observation 
point. The parallel acceleration may be accounted for by parallel 
electric field. The perpendicular acceleration leading to conic 
distribution is a topic of current research.
Several mechanisms have been proposed for the perpendicular 
acceleration. The possibility of resonant wave-particle
interactions between the upgoing thermal ions with a parallel energy 
of several eV and the observed electrostatic ion cyclotron waves in 
regions of downward aurora currents has been discussed by Eusenbery 
and Lyons (1981). A numerical simulation of ion conic distribution 
due to intense ion heating in the presence of hydrogen cyclotron
4-
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waves has been conducted recently by Okuda and Ashour-Abdalla 
(1981). The possibility of perpendicular acceleration of ions by 
interactions with a spatially confined perpendicular DC electric 
field has been suggested by Chiu and Newman (1981).
This thesis is a study of perpendicular accelerations of ions 
in auroral potential structures in a uniform magnetic field. The 
auroral potential structures deduced from observations are either V- 
shaped or S-shaped (Gurnett, 1972; Swift et al. , 1976; Cattell et 
al., 1979) as shown in Figure 1. The width of the potential 
structure (1^) can be inferred from the width of discrete auroras 
(Davis, 1978). For inverted V precipitations, >> (Lin and 
Hoffman, 1979) where is the ion gyroradius. For the auroral 
arcs,L^ < p^ (Maggs and Davis, 1968). The field-aligned scale 
length Lz is found to be much greater than the Debye length (Mizera 
and Fennell, 1977; Sharp et al., 1979).
Our study is carried out in two parts. We first analyze the
nonadiabatic particle trajectories by solving the equation of motion
numerically for ions under different initial conditions in potential
structures of different width is less than the ion gyroradius
(L < p ). This result implies that ion conics can be produced by x *** i
the same potential structures which produce the thin auroral arcs. 
We then provide a theoretical interpretation of this numerical 
result by a generalization of Cole's (1976) pioneer work to the two- 
dimensional auroral potential structures.
13
Figure 1.1 Schematic illustration of the S-shaped and V-shaped
equipotential structures (dashed curve) along converging 
magnetic field lines.
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2. A Survey of Observations
The S3-3 satellite was launched during the summer of 1976 into 
an elliptical polar orbit with an initial inclination of 97.5°, an 
apogee altitude of 8040 km, a perigee altitude of 240 km, and an 
orbital period of approximately three hours* The orbital plane 
drifted westward at a rate of about 1 hour of local time per 20 
days, thus allowing complete local time coverage with a period of 
about 8 months- That the upflowing ions observed on S3-3 have an 
ionospheric origin has been shown by the data from the Lockheed 
experiment. The Lockheed experiment consisted of three ion mass 
spectrometers and four magnetic electron spectrometers. They were 
mounted with their view directions perpendicular to the spin axis. 
Once each spin period, the mass spectrometer looked down along the
magnetic field line and measured the relative intensities of
upflowing H+ , He+ , 0+ .
2.1 Ion Beams
Figure 2.1.a, from Shelley et al. (1976), shows an example of 
upflowing ion beams observed with the low-energy ion spectrometer on 
July 13, 1976. The upper panel shows the pitch angle of the
instrument view direction. Below it is Indicated the energy per
charge setting of the spectrometer. The spectrometer response to 0"** 
and H+ ions is illustrated in the two center panels. The narrow 
field-aligned upward-flowing pitch-angle distributions are 
evident. The flux intensity corresponding to the peak response is
15
0.3 x 10® (cm2 sec ster keV)  ^ for the 1.28 keV 0+ ions and 0.7 x 
10® (cm2 sec ster keV)"1 for the 0.94 keV H+ ions. The lowest panel 
shows electron fluxes in the energy range from 0.35 to 1.1 keV. The 
Kp value during the period of these observations was 2 . Figure
2.1.b shows another example of ion beams observed on July 17, 
1976. The value for that period was 1. The narrow pitch-angle 
distributions aligned along the magnetic field direction are seen 
obviously from the figures.
2.2 Ion Conics
Examples of upflowing 0+ and H+ ions exhibiting a conical 
pitch-angle distribution is illustrated in Figure 2.2, taken from 
Sharp et al. (1977). The top panel in this figure shows the O' 
data. The pitch-angle distribution of upflowing 0+ ions have a 
minimum along the magnetic field direction and a maxima in about the 
130° - 140° range. The two bottom panels show the H+ data for the 
lowest-energy spectrometers during the same period.
The pancake-like pitch-angle distribution of ionosphere ions at 
low altitude (~ 400 - 600 km) was observed from a rocket experiment 
(Whalen et al., 1978) in association with intense electron 
precipitation events. The data in Figure 2.3 show the observed ion 
pitch-angle distributions which sharply peak at the range 90° -
120° • Acceleration by ion cyclotron waves produced via a current- 
driven or beam-plasma instability was suggested as a possible source 
mechanism (Whalen et al., 1978).
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Figure 2.1 Upflowing ion beams observed from the S3-3 satellite in
association with signatures of a parallel electric field in
the electron data
(a) Data from Revolution 35 on July 13, 1976.
(b) Data frxpm Revolution 67 on July 17, 197 6.
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Figure 2.2 Ion data showing detailed pitch angle dependence of the
low-energy 0"*" and H+  fluxes during the three spins of the 
1976-65B satellite.
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PITCH ANGLE (DEGREES)
Figure 2.3 Ion pitch angle distributions observed by a Black Brant IVB 
(AAF-IVB-33) sounding rocket (Whalen et al., 1978).
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2.3. Comparison of 0* and H+
Collin et al. (1980) have conducted a statistical study of 0+ 
and ion behaviors using the S3-3 data from the evening local time 
sector, at altitudes between 6000 and 8000 km during primarily quiet 
times. A scatter plot of the average energies of the simultaneously 
observed upward-flowing 0+ and H+ ions is shown in Figure 2.4. The 
0+ is seen to be systematically more energetic than the H+ . The 
ratio of their average energies for the data set shown was 1.7. The 
0+ ions had significantly wider beam widths than the ions. A 
histogram of the occurrence probability versus half width (at half 
maximum) of the beams is shown in Figure 2.5. The median width of 
the 0+ ion peaks was 24° and that of H+ ions was 15°.
3. Field Models
Self-consistent auroral potential models have been analyzed by 
several authors (Block, 1972; Kan, 1975; Swift, 1975, 1976, 1979; 
Kan et al. , 1979; Chiu and Cornwall, 1980). For the purpose of
studying test ion dynamics, we will use V-shaped and S-shaped 
potential structures which can be described by analytic expressions 
but need not be self-consistent solutions of the Vlasov-Poisson 
equations.
3.1. V-shape
The two-dimensional function of the V-shaped potential model is 
assumed to have the following expressions
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AVERAGE ENERGY OF UPFLOWING 0 *  IONS VERSUS UPFLOWING H+ IONS
Figure 2.4 Scatter plot of average 0+ and H+ energies in upflowing ion 
beams (Collins et al., 1980).
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(1 - A • e
z
) z > 0o
(3.1)
(1 - A)e
o
z < 0
where <|> is the magnitude of the electric potential, and Lz are
characteristic scale lengths in the x and z directions; A is another 
characteristic constant, 0 < A < 1* For A = 0, equation (3.1) gives 
a pure parallel equipotential structure; for A = 1, a pure V-shape 
equipotential structure is given; while 0 < A < 1, the potential 
configuration is a pure V-shape with a pair of S-shaped wings. The 
configuration of the potential field is given by a set of values of 
A, 1^, and Lz ; note and Lz are in length unit.
Figure 3.1 exhibits the sample numerical results for the pure 
V-shaped potential (A = 1) in the x/L^, Z/Lz coordinate system.
This figure gives us a general information about the spatial 
structure of the pure V-shaped electric potential.
Figure 3.2 shows an example of equipotential lines of a pure V- 
shaped potential with - 1.5, - 20, A = 1. Figure 3.3 shows a
V-shaped potential configuration for = 1.5, - 20.0, and A =
0.8. Three regions may be distinguished in the structure; in region
1, the V-shape potential acceleration dominates; in region II, the 
S-shape potential acceleration dominates, and in region III (z < 0),
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Figure 3.2 Illustration of a pure V-shaped equipotential
struvture ( L =1.5, L =20.0, A-l ).
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Figure 3.3 Illustration of a V-shaped equipotential
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the perpendicular electric field acceleration dominates.
From equation (3.1), when z 00
<Kx,“0 = - eo (3.2)
and
<f>(x,o) = - <}>o (1 - A) e (3.3)
For large z (usually z/L >3), the potential remains nearly
z ~
unchanged along the z direction, and appears as a parallel 
equipotential structure.
The potential drop along the magnetic field lines (assuming in 
the z direction) can be obtained from equations (3.2) and (3.3)
A<Kx) = <j>(x,o) - 4» (x,») (3.4)
2/t2 -x /L
* x = A 6 e 
o
The curve A<j>(x) is shown at the bottom of Figure 3.3.
The two-dimensional potential function (3.1) is of a Gaussian 
shape in the x direction. It is notable that the Gaussian 
distribution of the electric potential in the perpendicular 
direction is the zero-order approximation of the solution to the 
Poisson equation in one—dimensional case for the inverted—V, under
27
the assumption that the electron number density profile at the 
source is assumed to be Gaussian (Kan et al. , 1979).
3.2. S-shape
The potential function for S-shape structure is assumed to be
where <J>q is the magnitude of the electric potential, and Lz are 
scale lengths in the x and z direction; y is a characteristic 
parameter, which expresses the ratio of the transverse electric 
potential scale at
z  + 00 altitude and that at z = 0 altitude, y < 1.
From equation (3.5)
+ (e ) . (1-e
(3.5)
o x < 0
<j>(x,°°) = $ e
2 2 
-x /(Y-Lx )
o (3.6)
<Kx,o) = <be
o (3.7)
and the potential drop along the magnetic field
A<|>(x) = <(> (e 
o
2 / T 2  2  / /  T S 2
x _X /(T*Lx)
)- e (3.8)
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Figure 3.4 shows the equipotential lines for an S-shaped 
potential field with 1^* = 1.5, Lz* = 20.0, and y = 0.25. The curve 
of the potential drop A<j>(x) is drawn at the bottom of the figure. 
So far, we do not have much observational information about the 
topology of the S-shape potential. The equipotential shape shown in 
Figure 3.4 is similar to that given by Mozer et al. (1980).
The curve of A<j)(x) given by equation (3.8) is an asymmetrically 
inverted V-shape, while equation (3.4) for V-shaped cases gives a 
symmetrically inverted V.
4. Trajectories
The study of the motions of the individual charged particles in 
the V-shaped and S-shaped potential is useful and important for our 
understanding of the collective dynamics of the plasma in those 
regions. But due to the complexities of the particle orbits, which 
appear different with different characteristic parameters or 
different initial conditions in the potential models, it is very 
difficult to solve the equations of motion analytically, especially 
in nonabiabatic cases. However, we can use some approximations to 
analyze the particle behaviors. These will be discussed in Section
5. A comprehensive numerical study of the trajectories of
nonadiabatic particles (L ~ p., L < p.) will be presented in this
x I X  x
section by following.
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Figure 3.4 Illustration of a S-shaped equipotential
structure ( L =1.5, L =20.0, y=0.25 ).
x z
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It should be mentioned that a numerical study of particle 
trajectory in plasma sheet has been done previously by Wagner et al. 
(1979).
4.1. Basic Equations
For convenience, we assume that the magnetic field is uniform, 
and it orients the z direction.
The equation of motion for a charged particle of mass m and 
charge q in an electromagnetic field is given by the Lorentz
To simplify our computation, it is advantageous to write the 
equations of motion in dimensionless form. All the lengths and 
times are scaled, respectively, to a scaling gyroradius
The dimensionless equations of (4.1) in two-dimensional
equation
mr = q[E(r,t) + r x B(r,t)J (4.1)
Pr, “ and t0 a scaling gyroperiod x = m/qB .u u U O o
electric field E(x,z) can be written
dy = x (4.2)
dt
dz E
dt z
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+ . * +* + * * 
where r = r/p , t = t/T , r = r/v , E = E/v B and B = B/B 
o o o o o o
1.
* *
and E are easy to deduce from equation (3.4) and equation
(3.5) for V-shaped and S-shaped potentials, respectively.
In the following calculation, is taken from the gyroradius
of the test particle (m,q) with kinetic energy 0.5 keV in magnetic
field B . For example, choose B = 0.06 G, for proton, p = 0.54 
o o o
km; for 0+ , = 2.2 km.
The charged particles are assumed to originate from 2 = 0  plane 
with a low energy (1 eV). It is found that the initial pitch angles 
and phase angles are not important when the initial energy of the 
particle is very small compared with the final kinetic energy 
gain. The initial position xQ of the test particles is the 
deciding factor for low-energy ions. So we usually let the initial 
pitch angle be 45°, initial phase angle 0°. With this setting, 
trajectories originating from different initial position xQ* are 
investigated.
It should be noted, the figures of the orbits shown in this
* * *
section have different scales in all the x , y and z directions, 
such that the whole trajectory in each direction can be seen clearly 
in the plot.
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4.2. Trajectories in V-shaped Potential Models
Case (A): <|> = 8 KV, L * = 1.5, A = 0
o ^
This is a special case (A = 0) of V—shaped for the parallel 
equipotential configuration. The initial kinetic energy of the test 
particle is assumed to be 1 eV. The figures 4.1 (a), (b) and (c)
show the projections on the x - y plane of the orbits of the test
particles with the initial position xQ* = 0.8, 3.2 and 3.6,
respectively.
Oscillations in the x —direction are the common feature of the 
motion in the parallel equipotential configuration. The maximum
perpendicular kinetic energy gain is determined by the amplitude of 
the oscillation. In most cases the pitch angles are very close to 
90°.
For the xQ = 0 . 8  case, the particle moves across the x* = 0
plane, and attains the maximum kinetic energy at the position x* =
0. When the particle reaches the region of x* < 0, it suffers an
£
opposite force in the x direction, because of the reverse of
electric field. The period of the oscillation T* = 2.1. The 
maximum kinetic energy gain is 2 keV.
For the xQ = 3.2, the particle can also be accelerated across
the magnetic field from the origin, where the electric field is much
weaker than that in xD = 0.8. The mechanism of this acceleration 
will be discussed in Section 5. The particle oscillates across the 
x = 0 plane, and the period T = 9.3. The maximum kinetic energy 
gain is 7.92 keV.
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Figure 4.1 Projections of a Case A particle trajectory in a V-shaped 
potential model.
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For the xp - 3.6 case, Figure 4.1 (c) shows that the amplitude 
of the oscillation becomes very small, and the corresponding maximum 
kinetic energy gain for the particle sharply reduces to 18 eV. The 
period of motion for this case is, T = 6.9.
Let us assume that the lengths are scaled to the gyroradius of 
the proton with kinetic energy 0.5 keV. Figure 4.1 (d) shows that 
trajectory of a 0+ ion in the same potential. The initial position 
of the 0 ion is, XQ = 4.2. The 0"*" ion can be energized by the 
perpendicular electric field, and attains its maximum kinetic energy 
gain, = 8.0 keV at X = 0 .  The period of the oscillation is, T* 
= 196. We can find that the 0"*" ions have a larger acceleration 
range than H+ .
Case (B): <t>Q = 8 KV, 1^* = 1.5, Lz* = 20, A = 1
This is another special case for a pure V-shaped potential (A = 
1). The configuration of this potential has been shown previously 
in Figure 3.3.
Figure 4.2 shows the particle trajectory with the initial 
position xo = 1.5# The particle moves up slowly, then accelerates 
obviously both in perpendicular and parallel direction. In this 
energization process, the parallel acceleration is larger than the
perpendicular acceleration. Finally, the particle oscillates in the
* * 
x direction with a small amplitude Ax 0.05 > drifts in the y
direction, and moves up in the z* direction with a uniform 
velocity. The final values are, the pitch angle a - 20°, Vx* *
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PARTICLE TRAJECTORY PLOT 
L -1.5, Lz=20.0, $0=8.O
INITIAL VALUES:
X=l.5000, Y=0.0000, Z=0.0000 
Vx=0.0000, Vy=0.03l6, Vz=0.03l6 
ENERGY=0.0010 
PITCH=45.0°, PHASE=0.0°
FINAL VALUES:
X=0.1977, Y=20.12^6, Z=50.3287 
Vx=-0.06A6, Vy-1.3339, Vz=3-7302 
ENERGY=7.3A93 
PITCH=19.6°, PHASE=2.7°
OJ
<n OJ<n
Figure 4.2 Projections of a Case B particle trajectory in a V-shaped 
potential model (xQ* * 1.5).
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77 j-
-0.06, Vy = 1.33, V2 = 3.73, and the kinetic energy E^ ~ 7.85 
keV.
Figure 4.3 shows the trajectory with the initial position x* =
3.2. The main feature of this energization process is a sharp 
increase of acceleration in the x* direction when the test charged 
particle moves and is accelerated up slowly in the z* direction to a 
certain altitude (z* ~ 20). The perpendicular acceleration in this 
process is similar to that shown in Figure 4.1 (a). The difference 
is that the particle in the V—shaped potential also gains energy in 
the parallel direction. The final pitch angle varies between 45° - 
70°, while the final kinetic energj' varies between 2.7 - 8.0 keV, 
during the oscillation of the up—moving particle.
Figures 4.4 (a) and (b) show the relations between the final
kinetic energy of the test-charged particle and the initial position 
*
xQ , and between the final pitch-angle value and the initial 
position xQ at a high altitude, where the electric field in the z* 
direction nearly vanishes. Each bar in the figures shows the 
variation range of the values of the kinetic energy and the pitch 
angle of the test particle when it is oscillating in the x* 
direction. The pitch-angle distribution ranges from 0° to 80°, 
while the kinetic energies from several eV to e<j> (8 keV).
From Figure 4.4 (a), we can see a sharp "cut off,” which
happens at xQ* ~ 3.4- When xQ* > there is no significant
acceleration in all directions. This phenomenon has the same 
physical nature as the case shown in Figure 4.1 (c).
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PARTICLE TRAJECTORY PLOT 
Lx=1.5, Lz=20.0, *0=3.0
INITIAL VALUES:
X=3.2000, Y=0.0000, Z=0.0000 
Vx=0.0000, Vy=0.03l6, Vz=0.03l6 
ENERGY=0.0010 
PITCH-A5.0°, PHASE=0.0°
FINAL VALUES:
X=0.7363, Y=60.5307, Z=50.1331 
Vx=l .9739, Vy=2.M»53, Vz=1.5030 
ENERGY=6.067^
PITCH=64. , PHASE=-38.3°
<n
Projections of a Case B particle trajectory in a V-shaped 
potential model (xQ* * 3 .2).
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Figure 4
(b)
Results of the trajectory study of Case B in a V-shaped 
potential model
(a) relation between the final kinetic energy ER and 
the initial position xQ*.
(b) relation between the final pitch-angle value a 
and the initial position xQ*.
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If we assume a uniform number density distribution at the
origin of the ions, namely at the z* = 0 plane, the final kinetic
energy distribution of the energized particle peaks at the values
close to e<f)0 (8 keV). Because the particles have the tendency
towards the central part of the V—shaped potential, as shown in
Figure 4.2, an intense flux of energetic particles will be formed in 
*
a region of |x I < 0.5 at a high altitude. In this region most 
particles have pitch angles smaller than 30°.
Case (C): <f>Q = 8 KV, 1^* = 1.5, Lz* = 20.0, A = 0.4
Figure 4.5 shows the trajectory of a test-charged particle
originating at xQ = 3.0. The initial acceleration in the x*
direction plays an important role in this process. As a result of
the acceleration, the particle finally oscillates in the x*
★
direction with an amplitude Ax = 1.73. The final pitch angle
varies in the range 38° - 61°, while the kinetic energy in the range
3.0 - 7.9 keV. The particle attains its maximum pitch angle value
and maximum kinetic energy when it moves across the x = 0  plane.
The results of this study are shown in Figure 4.6 (a) and
(b). The kinetic energy gain for the energized charged particles
peaks at 0.5 - 0.6 e<j> (4 — 5 keV) . A sharp "cut off" can be seen at
o
xQ* -3.4 in the Figure 4.6 (a). From Figure 4.6 (b), it is
obvious that the particles have larger pitch angles compared to that 
in A = 1 case. Most particles have pitch angles in the range of 15° 
- 50°.
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r> ’r ==' PARTICLE TRAJECTORY PLOT
L =1.5, L =20.0, $o=8.0, A=0.4 
X z
INITIAL VALUES:
X=3.0000, Y=0.0000, Z=0.0000
Vx=0.0000, Vy=0.031o, Vz=0.03l6
ENERGY=0.00 10
PITCH=45-0°, PHASE=0.O3
FINAL VALUES:
X=0.5820, Y=T19.6527, Z=50.0344 
Vx=-I.9515, Vy=2.4496 , Vz=1.9418 
PITCH=53.2°, PHASE=38.5° 
ENERGY=6.7898
Figure 4.5 Projections of a Case C particle tajectory in a V-shaped
potential model.
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Figure 4.6 Results of the trajectory study of Case C in a V-shaped
potential model
(a) relation between the final kinetic energy ER and 
the initial position xQ*.
(b) relation between the final pitch-angle value a 
and the initial position xQ*.
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The trajectory study also shows that the perpendicular 
acceleration will increase when the parameter A decreases. This 
parameter modulates the shape of the equipotential lines of the 
potential field. When A increases, the field model given by
equation (3.1) approaches the limit of the pure V-shaped 
configuration (A = 1); while A decreases, it approaches the limit of 
the parallel equipotential configuration (A = 0), in which case the 
perpendicular acceleration dominates and the particles can be 
expected to attain larger pitch angles.
Case (D): <t>0 = 8 KV, 1^* = 3.0, L *  = 20.0, A = 1
Figure 4./ shows an example of the trajectories in this
potential field. The initial position is xQ* = 4.0. The final 
kinetic energy gain is about 5.64 keV, and the velocity components 
are Vx - 0*053, Vy = 2.26, and Vz = 2.49. It is interesting to 
note that the final perpendicular energy gain in y* direction is
much larger than that in the x* direction. The final pitch angle is 
about 42.2°.
One characteristic of these orbits is the fact that the 
amplitudes of final oscillations in xQ direction are quite small. 
So the variation of the pitch-angle value and also the kinetic
energy value of the upward-moving particles is small at the high
altitude. Thus it is simple to estimate the latitudinal 
distributions of the pitch angle a, the kinetic energy Ej., and the 
average number density rate n/nQ at the high altitude. Here, a
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PARTICLE TRAJECTORY PLOT 
L =3-0, L =20.0, $ c=8 .0
X Z ’
INITIAL VALUES:
X=4.0000, Y=0.0000, 2=0.0000 
Vx=0.0000, Vy=0.03l6, Vz=0.03l6 
ENERGY=0.0010 
PITCH=45.0° , PHASE=0 .0°
FINAL VALUES:
X-1.7730, Y=6 1.9.293, 2=80.0667 
Vx=0.0526, Vy=2.2586, Vz=2.4862 
Energy=5-6425 
P!TCH=42.23, PHASE*-1.3°
Figure 4.7 Projections of a Case D particle trajectory in a V-shaped
potential model.
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uniform distribution of the number density nQ of the origin at z* =
0 is assumed. The curves are shown in Figure 4.8. At the bottom of 
the figure, the dots at the xQ* axis show the original positions of 
the test particles. The arrows direct towards the final positions
of the particles. Within the acceleration region, i.e.,
1 * I
Xo latitudinal distribution of the number density at
the high altitude will attain its maximum value in the region 
1 * 1
•x I < 1*0 , in which the kinetic energy ranges from 7 . 5 - 8  keV, 
and the pitch angle ranges from 0 - 2 0°.
4.3 Evaluation of the Action Integral
The action integral for an oscillatory system is defined
where the integral is calculated around a loop in a (p,q) phase
space (Lichtenberg, 1969). Swift (1979) studied the ion behaviours
in two-dimensional laminar electrostatic shocks with thicknesses
close to pi , under the assumption of the adiabatic invariance of the 
action integral.
The following are the results of calculating the action 
integrals for Case (B) of Section 4.2, i.e., the V-shaped potential 
given by ^  . g „ ,  I** . !.5> ^  , 20> and A , ^  ^
trajectories of the test particle are shown in Figure 4.2 and Figure 
4.3. Let
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Figure 4.8 Latitudinal distribution of final pitch angle a, kinetic
energy and relative number density n/nQ for Case D in a 
V-shaped potential model.
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* r * *'j 
X
K = 4> v d x (4.4)
We assume that the initial value of the action integral is K1*> and 
the final value of the action integral is K^*.
(i) For trajectory shown in Figure 4.2, i.e., xQ* = 1.5 
Kj* = 2.4 • 10" 3
K.2 = 4.8 * 10- 3  (4.5)
(ii) For trajectory shown in Figure 4.3, i.e., xQ* = 3.2 
Kx* = 3.0 • 1 0 * 3
= 5.3 3 (4.6)
From these results, we can see that for a small scale electric 
potential, i.e., < 0.7 p_^ , the action integral will not be
invariant, especially for those particles which could obtain large 
energy gain in oscillation.
4.4 Trajectories in S-shaped Potential Models
The main difference of the acceleration in the S-shaped 
potential from that in the V-shaped potential is that there is no 
reverse electric field appearing in the process.
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Case (A): <t>Q = 8 KV, 1^* = 1.5, Lz* = 20.0, y = 0.25
An example of the trajectries in this potential is shown in 
Figure 4.9. The initial position is x Q* = 0.5. The perpendicular 
acceleration dominates during the initial periods. Finally, the
ft
particle oscillates in the x direction with an amplitude ~ 3.56 . 
The pitch angle varies in the range 6° - 60°, and the kinetic energy 
in the range 1.9 - 7.2 keV.
The kinetic energy gain decreases gradually when the original
* ft
position xQ increases. When xQ > 3.4, the kinetic energy gain of 
the particle is negligible. The maximum pitch-angle values for most 
the energized particles range about 40° - 65°.
4.5 Comparison Between 0+ and H+ Trajectories
The different dynamic behaviors of H+ and 0+ in the V-shaped 
potential are investigated by the trajectory study. The following 
are the results of the study.
(a) In the pure V-shaped potential, 4>q = 8 keV, Lx < 2 
(length scaling in the H+ gyroradius), Lz* = 20.0, A = 1, there is 
no large difference in the 0+ and H' energy distribution and pitch- 
angle distribution, as both the 0*^ and ions in their acceleration
regions can attain the maximum kinetic energy gains which are close
to e4>0 (8 keV ) when moving cross or close to the x* = 0 plane. 
Obviously 0+ has a larger acceleration region and a larger amplitude 
of the oscillation.
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PARTICLE TRAJECTORY PLOT
Lxa '•5, Lz=20.0, $o=8.0, y=0.25
INITIAL VALUES:
X=0.5000, Y=0.0000, Z=0.0000 
Vx=0.0000, Vy=0.03l6, Vz=0.03l6 
ENERGY=0.0010 
PITCH=45.0°, PHASE=0.0°
FINAL VALUES:
X=2.1501, Y=-119-2735, Z=50.0679 
Vx=2.8338, Xy=-l.6184, Vz=1.9l46 
ENERGY=7.1578
PITCH=59.5°, PHASE=-119.7°
<0 (O
Figure 4.9 Projections of a Case A particle trajectory in a S-shaped
potential model.
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& _U
For L^. ~ 3, the H trajectory has been studied previously in
Section 4.2.4., shown in Figure 4.7. In these cases, the 
trajectories of 0+ still have the patterns of crossing the x* = 0 
plane motion. 0+ ions obviously have larger kinetic energy gains 
than H+ ions. But as the energy gain is both in perpendicular and 
parallel direction, here is no evidence that the 0+ pitch-angle 
distribution peaks at a larger value than H+ .
(b) Figure 4.10 shows a comparison of the trajectories of the 
0+ and If in a V-shaped potential, <j> = 8  KV, L^* = 5.0, Lz " =
20.0, A = 0.4. For 0+ (l eV) originated at xQ* = 6.0, the final
kinetic energy ranges from 4.2 - 6 . 8 keV, and the pitch angle ranges
from 43° - 55°. For 0+ with initial position, xQ* = 1.0, the final 
kinetic energy ranges from 3.1 - 4.6 keV, and the pitch angle ranges 
from 11° - 34°. This trajectory is not shown in the figure.
-f- ^
For H , xQ = 6.0, the final kinetic energy is about 2.7 keV,
and the pitch angle is ~ 49°; xQ* = 1 .0 , the final energy EK ~ 3.2
keV and the pitch angle a ~ 12°. In these cases, the drift motion 
*in the y direction dominates in the final perpendicular kinetic
energy gain.
On the average, the 0* can attain larger kinetic energy and 
larger pitch angle than H+ . This will be more distinct in the 
region around the x = 0  plane, for example |x I < 1 , over where 0 
ions from a wide range can attain their maximum kinetic energy and 
maximum pitch angles. For 0+ ions originating in the region 1.0 
< Ix^ | < 11.0 , the pitch angle ranges from 30° - 85°, and the
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Figure 4.10 A comparison of 0+ and H+ trajectories in a
potential, = 8 kV, 1^* = 5.0, L *  = 20.0, A - (
V-shaped
.4.
51
kinetic energy ranges from 4.2 - 7.5 keV in the region |x*| < 1. As
for H+ , only those ions from a small region |x *| < 1.2 , can
o ~
oscillate in the observing region. The possible pitch angle value 
is smaller than 13°, and the final kinetic energy is around 3.3 
keV.
(c) Another case we investigated is the ion behavior in a 
larger transverse scale electric field, in which the H+ ion orbits 
exhibit adiabatic behavior. The H+ ions move up with small pitch 
angles. The kinetic energy gain can be estimated from A<j>(x) of 
equation (3.4). And 0+ might still attain pitch angles larger than 
1 0 , which is considered a criterion from beam to conic phenomenon 
by many upflowing ion observers.
In a pure V-shaped potential field, 6 = 8  KV, L * = 20.0 L *
O X ’ 2
= 100.0, A = 0, the final values for H+ originated at xQ* = 10.0 
are, ER ~ 6.3 keV, a ~ 4.4° ; for 0+ (xQ* = 10.0), EK 
~ 7.2, and a ~ 14° .
In a V-shaped potential field, = 8  KV, 1^* = 40.0., L *  =
100.0, A = 0.4, the final values for H+ (x0* = 10.0) are 
Ej, ~ 2.5 keV, a ~ 3.6° ; for 0+ (xQ* = 10.0), EK ~ 2.6 - 3.2 keV,
a ~ 7.1° - 23° .
5. Theoretical Analysis of Non-adiabatic Particle Dynamics
The purpose of this section is to understand the numerical 
results (in Section 4) from a theoretical point of view. Cole 
(1976) has developed a criterion for perpendicular ion acceleration
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in a one-dimensional electric field. We show that the ion dynamics 
in the two-dimensional V and S potential structures can be 
understood by a generalization of Cole's (1976) work.
(1) Cole (1976) has examined the motion of charged particles, 
in the case of a homogeneous magnetic field B together with an
4
orthogonal electric field E . The equation of motion was solved
for the case that the electric field E has a constant gradient VE
parallel to E. The solution gives a critical value for the charged
2
particle motion: if VE < the particle drifts at a right angle
*4 4
to E and B with a modified gyrofrequency
n , 2 qVE.1/2 qB _ v qB^
~~m~ 5 10 ~ m * 1 "m * t^e Partic^e n o t only
drifts in the direction of E x B but are also accelerated in the
*4
direction of E. This relation is mass dependent. For B = 0.06 G, 
the critical value VE = 3.42 mv/m2, for H+ ; and VE = 0.21 mv/m2, for 
0+ - This mechanism operates more efficiently on 0_r than H+ , so 
acceleration by perpendicular electric fields may be more important 
for oxygen than for hydrogen.
Figure 5.1 illustrates the movement of a positively charged
* ‘4 - 4
particle in crossed E and B fields, in which constant VE exists
•4
parallel to E. The two different patterns of orbits are separated 
by the critical value
X,2 2qB mo)
7E „ <5a)
2
For ft > 0  cases, the modified gyrofrequency increases with the
53
Figure 5.1 Illustration of movement of positively charged particle in
crossed E and B fields in which VE exists parallel to E.
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decrease of VE; and when VE = 0, fi = u). The amplitude of the
■f
oscillation in E direction decreases with the increase of ft.
For the V-shaped field model of equation (3.1), when A = 0, it 
gives a perpendicular electric field in the x direction,
2 <j>o -x2/L2
E(x)  --- A c  e x (5.2)
L
X
and
26 2 -x 2 / L 2
VE(x) = — °(if- - 1) e x (5.3)
L L 
x x
By defining
2 / t 2 
2x "X /Lx
fw = r e (5 .4)
x
and
9  2 / t 22 -x /L
g(x) = 2(-|--- 1 ) e X (5 .5 )
L
X
The equations (5.2), (5.3) can be written
4>
E(x) - - —  f(x) (5 .6)
X
and
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<f>
VE(x) = —  g(x) (5.7)
L
X
The relations of f(x) - x/I^, g(x) - x/I^ are shown in Figure
5.2. The function f(x) attains its maximum value,
7——  “ 1 /  9
f0 0  lmax = ^2~ e * 0.858, at the position x/L_ = / 2 ~ , or 
x * 0.71 Lx - The function g(x) attains its maximum value
_ 3 j 2
S(x) !max = 4 e * 0.9, at the position
/t ,3n 1/2 , _
x/L = (T ) , or x * 1 . 2 2  L .
X Z x
We define the characteristic gyroradius as the gvroradius of 
a particle (q,m) of kinetic energy q<J>Q moving with pitch angle 90° 
in the magnetic field B,
/ 2m <() \l/2 
~ mv _ I o ] ^
i ~ qB* [ ~ J  /B (5*8>
Comparing the maximum value of VE(x) of equation (5.7) and the 
critical value of (5.1), the scale value Lx corresponding to the 
critical value VE is
-3/4
Lx,max = e^ pi " ° * 668 pi (5.9)
The VE(x) given by equation (3.7) is not a constant, in fact the 
correct value of LXjinax should be a little larger than that given by 
equation (5.9). For average,
L ~ 0 • 7 5 px,max i (5.10)
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Figure 5.2 Relations of f(x/I^) - x/I^, g(x/I^) - x/l^.
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Because p± is proportional to the root of the particle mass, value
^x.max for 0+ w i l 1  be 4 times of that for H+ , assuming the case
that 4*0 > B are the same. The phenomenon of continuous acceleration
in the electric field becomes possible onlv when L < L and
x j max ,
only in those regions where VE satisfies the critical condition.
•Jj «£.
For example, <p = 8 Kv, we get p = 4, and L =3.0.
° x,max
We are more interested in the following question: For a given
potential field of equation (5.2), what is the maximum energization
region of charged particles? The trajectory study also points out
that there exists a critical value of x*max, when x* > x*max, the
particle can only oscillate with a small amplitude, i.e., the
particle cannot get significant kinetic energy gain; while 
* *
X ~ X max* t*ie Particle will keep accelerating in the x* direction
in the first period of motion, even the electric field there is
quite weak, a large kinetic energy gain can be expected. By
investigating the curves given in Figure 5.2, we know, when 
2
VE(x) > , the particle keeps acceleration in E direction and
^ 2 
drifts simultaneously in the y direction; when VE(x) < , the
~ m *
particle begins to gyrate.
It is obvious that E(x) attains its maximum value when 
^  — ■‘-he effect of VE(x) <C 0, decreases the gyroradius* Because
O.L the relatively larger electric field around the position of 
VE = 0 and the inertia of the pre-accelerated particle, however,
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usually the particle can gyrate across the x* = 0 plane, and attain
the maximum kinetic energy there. An example can be seen in Figure 
4.1.
For 4)o — 8 KV, L x = 1.5, the critical value x max derived by
comparing the value VE^x) = and the corresponding value from the
*
Figure 5.2, is ~ 2 L This value is obtained under the assumption 
of constant VE. The more accurate value for the potential we 
consider is,
*
x *» 2.2 L = 3.3 /c nmax x i5.il;
*
For proton, x * 1780 m. And in the same potential field, for 0+ 
ion, the value is about 2400 m.
(2) In V-shaped potential case, the gradient of the 
perpendicular electric field not only has component in the direction 
of electric field, but also has component in parallel direction, 
i.e., in the direction of magnetic field B. For convenience, we 
consider uniform B in the z direction, electric field E(y,z) in the 
y direction, and the components of gradient VE are constant in the y
and z direction, respectively. The situation is shown in Figure
5.3.
First we assume the component of gradient E only exists in the 
z direction, i.e., (VE)y = 0. Assume V = (u,v,w), and ( u ^ v ^ w ^  
are the components of velocity at time t= 0 at point (0 ,0 ,0).
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Figure 5.3 Illustration of crossed E and B fields in which VE exists
both in the direction parallel to E and in the directiono
>
parallel to B.
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E = E + (VE) • z (5.12)
The equation of motion is
m ^  = q [^n + (VE) • z] y + q V x B (5.13)
E
In a frame of coordinates given by X = x - — t, Y = y, Z= z, the
equation of motion yields
X - T 
m
(5.14)
Z = w t
It follows that
v 2„ qVE , VY + u Y = —  wlt - u(Ul - — ) (5.15)
where co = — .
m
The solution of equations (5.12) in the original (x,y,z) system 
becomes
Eq w;[VE E w VE
u = (ui - — ) cos cut + (vL  — ) sin cut + -g2- + — t (5.16a)
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Eq w ^VE w VE
v = - (u. - — ) sin (Jit +  ( v .  — ) COS U)t + — iz—± D 1 U)B (JL)B (5.16b)
w w. (5.16c)
together with
1 E0 V1 W 1 VE E„ W!VE 9
X = a (U1 " Sin wt + (m ( 1  ~ cos wt) +
(5.17a)
1 E V1 wlVE w VE
y = ' » (ui " (1 ' cos wt) +-^ ------— > sin +
Q) B
(5.17b)
lc (5.17c)
Besides those gyrational terms of frequency to, which can be expected
directly from equation (5.15), it is interesting to note the drift
term appearing in equation (5.16b). The charged particle drifts in
the direction of the perpendicular electric field with a velocity 
w;[VE
ug • This term will be important when VE and Wj^ are sufficiently 
large. The displacement in perpendicular direction is one way of 
the energy change from the potential to the kinetic in many cases. 
When VE — 0, equations (5.16) and (5.17) reduce to the well-known 
forms of the charged particle motion in the crossed constant E and B 
fields.
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(3) Now we consider a more general case that (VE)y does 
exist. This situation is related to the work done by Cole (1976) 
and the work done above.
E = Eq + y ((VE)y • y + (7E>z • z) (5.18)
The equation of motion is
dvm  r+ v ,dt "  ^ LEo + y ^ VE)y ' y + (VE)_ • 2 )] + q V x B
E
Similarly, let X = x - Y = y, Z = z, we obtain
= 2 1  yX = Y m
qB . q(VE) q(VE)
Y = - ■£— X + ------- Y +    z ( , 2Q.
m m m lo.zu;
Z = w, t
(5.19)
It follows that
2 q(VE)v 9(Ve)v E
Y + (to - m ) Y = —  W]Lt - u(U]L - ^ )  (5.21)
Case I
2 qC ^ e)
“ " m > 0 (5.22)
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Let
q2 2 ’(7E>v
“ S-  (5.23)
The solution of equation (5.20) in the original (x,y,z) system IS
to2 Eo m qw (VE) 2 E
 ° \  O *. _L i z ,  0) r
x ) sin 0 t + u. - —  
mfT 1 n2
" ■ 7 <ul - T >  cos 0 c + B ^ l  - - 2 *> sin D t + (Uj - -|) +
qw. (VE) 
 1 z
mfi2 (5.24a)
ui , o . _
( ^  - — ) sin H t + (v -
qw (VE)1 z
mft2
) cos ft t +
q(VE) w
z 1
mft
(5.24b)
w w. (5.24c)
together with
0)
x = t ,  V  , „ » q^CVE)
^3 1 B  ^ Sln 2 ^V1------- 2---  ^ ^  ~ cos +
mft
2 E (^E)
(u - —  (u - ^ ) ) t  +      t2 (5.25a)
« 2mtT
a) . E0 , V1 qw,(^E)¥ ^2 1 ~ B cos +  3 ) si-n ft t +
mft
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qw1 (VE),
z = w^t
(5.25b)
(5.25c)
The modified frequency of the oscillation is ft. The drift velocity 
along the ox axis is
“ E0 a,2 qww (VE)
v° = + Ul ( 1 + 1 (5-26)
E
When (VE) - 0, (VE) = 0, it reduces to the well-known term — . Ity z g
is notable in equation (5.24b), the term of drift velocity in the 
direction of electric field,
qWx(VE)z
Vd = 3 --- (5.27)
2
when ft decreases, or (VE) approaches the critical value this
y m 9
drift velocity becomes large.
Case II
2 q(re>y
(JL)
m < 0
Let
*2 q(7E>7 2< P  =  - - - - - - - - - -   -  (JL)
m
(5.28)
(5.29)
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The solution of equation (5.20) in the original system (x,y,z) is
qw (VE) 2 E 2 E
u ' ♦ (vl + -  2 ^ sh*  + “l + %  <“l - B2) -m<j> f  a 1 f  B
qurw^(^E)
~ 2 ~  t (5.30a)
m<t>
w , V  qw^VE) qw (VE)
V " " ?  (ul “ B- 5 Sh<f>t + ( V 1 + ---- 2--- )ch<f,t---- ~ 2 ' (5.30b)
m<f>
w " W1 • (5.30c)
j.ne particle drifts in the direction of E x B, and also accelerated
in the direction of E. The drift term in the direction of E that
o
appears in equation (5.30b), is with negative sign. When (VE) = 0
y
equations (5.30) reduce to equations (8.16); when VE = 0, equations
(5.30) reduce to the well-known results, <j> = m.
For more general cases, there exists parallel electric field,
i.e., velocity W;L is not constant. And also VE is not constant in 
V-shaped potential. However, the solution in the simplized cases, 
does help in understanding the energization process in V-shaped or 
other kind of two dimensional potentials.
In V-shaped potential, the particles are accelerated both in 
the perpendicular and in the parallel direction. At sufficiently
high altitudes, the potential reduces to the form of equation
(5.2). Ihe to the drift motion in the direction of perpendicular 
electric field, the acceleration region will be a little larger than
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that given by equation (5.11). The patterns of this drift motion
can be seen in the trajectories of the numerical study.
(4) From the above study, we can generalize the particle motion
in a V-shaped potential as follows:
When the transverse electric field scale 1^ < 0.75 p., the
continuous acceleration in the direction of the transverse electric
field will become possible for those charged particles, which can
2
reach the region which satisfies the critical condition, VE > -2^ — .
m
Those particles can be expected to attain large kinetic energy gain,
large pitch angle and large amplitudes of oscillations in the
direction of the transverse electric field. The drift motion in the
direction of the electric field, see equation (5.27), can be seen at
the first period of energization process. An example can be seen in
Figure 4.3. For those particles that cannot reach the region, in
which the critical electric field gradient value could be satisfied,
no continuous acceleration in the direction of the transverse
electric field will occur. The particles will gyrate, accelerate in
the parallel direction, drift in the E x B direction, and drift in
the direction of the transverse electric field. From equation
(5.27), vd a (VE)z , this drift velocity will vanish as
(VE)z + 0, when z +■ ®. Finally, those particles will oscillate with
small amplitudes. Figure 4.2 shows an example for this case.
When the transverse electric field scale L > 0.75 p.. the
x 1 ’
critical condition examined by Cole (1976) will not be satisfied, 
the effect of the motion vd is important for the final results.
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This drift term increases in the first period of the energization 
process, because w^ and (^E) increase then. This drift velocity 
will decrease and vanish when z is sufficient large because (VE)
z
decreases and vanishes then. The result is, particle oscillates
with small amplitude, i.e., energy gain in the direction of 
transverse electric field is small. The transverse energy gain will
quite depend on the drift term in E x B direction, see equation
(5.26). An example of the trajectory can be seen in Figure 4.7.
6 . Summary of Ion Conic and Beam Formation
It is clear that when the transverse scale of the electric
field 1^ >> p^, the upward flowing ions move along the magnetic
field lines with a small transverse velocity due to the E x B drift; 
their small oscillation can be neglected. In this case the ion 
beams are formed. The energy-latitudinal spectrogram for these ion 
beams has a shape similar to the potential drop function A4>(x), 
which is determined by the potential structure.
The trajectory study of this thesis is to elucidate dynamic 
behaviors of ions in the V—shaped or S—shaped DC electric field 
associated with the auroral arc. From section 4 and section 5, we 
have already seen that the acceleration of the ions in the field 
models with transverse scale L < p.  will naturally lead to angular
X  ^  1
distributions of conic, of which the phenomena are frequently
observed in the polar region. The different pitch angle and kinetic 
energy distributions of the upward flowing ions are the results of
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the acceleration in the electric field with different scales and 
characteristic parameters of the potential structure.
For a V-shaped potential with L ~ p. or a few times of p., an
x i  i
example seen in case (D) of section 4.2, the ions have small pitch 
angle value at the central part. As a result, an ion beam is 
formed. Beyond this part, the pitch angle of the upward ions is 
increasing and larger than 1 0 , so that the conic could be observed 
over there. One distinct characteristic of this ion motion is that 
the transverse kinetic energy is mostly due to the drift in E x B 
direction. This means that the perpendicular motion of the ions is 
in the positive or negative y-direction, respectively, for x > 0 or 
x <C 0 hemi-space. The direction of motion is nearly perpendicular
to the x-axis. The characteristic features of this drift of the
upward moving test particles are in agreement with the observed, 
fast E x B drift in auroral structures (Lennartsson, 1980).
For the < 0.7 p case, most of the acceleration in the V-
shaped potential will produce the conic, though in the pure V-shaped 
case we might see an intense ion flux with pitch angles smaller than 
10 in the central part. An example of this case can be seen in 
Figure 4.4, where the a — x  ^curve shows that ions originated from
• *  i
o ~ 0.75 will have final pitch angles smaller than 10°. The
oscillation in the x direction is usually considerably large, 
especially for the common cases of A < 1.
The physical meaning of the parameter A of the V-shaped 
potential function of equation (3.1), also the parameter y of the S-
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shaped potential function of equation (3 .5 ), can be seen from the 
equipotential structure of the field models. The large pitch angle 
( 90 ) distribution, i.e. the pancake phenomena, can be explained
as the results of the acceleration in V-shaped potentials, which 
have the quasi-parallel equipotential structure, or A + 0 for our 
field model. The peak value of the pitch angle distribution 
decreases gradually with the increase of A. The extreme case is the 
pure V-shaped corresponding to A = 1 . The studies of the variation 
of the pitch angle and kinetic energy gain with the different A 
value, do give us information about what might be the results of the 
acceleration in an electric potential of which the parallel electric 
field component dominates or the perpendicular component 
dominates. This study can be applied to other cases, there exists 
both parallel and perpendicular electric fields but not exactly the 
V-shaped or S-shaped.
The pancake—like pitch—angle distributions are often observed 
in a low altitude (~ 400 - 600 km). This phemomenon could be the 
result of the ion acceleration in the region III of a V-shaped 
potential, see Figure 3.3, where the potential has a parallel 
equipotential or probably a quasi—parallel equipotential 
structure. When these pre-accelerated ions reach the region I or 
the region II, they will be accelerated both in the parallel and in 
the perpendicular direction. That leads to conic at high altitude, 
of which the peak value is less than 90°. For a test particle pre­
accelerated to 0.4 keV, assuming its pitch angle 85°, phase angle
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80° (y axis is zero phase, anti-clockwise is positive), xQ* = 2 .0 , 
when it reaches the z = 0  plane, the final value due to the 
acceleration in region I and II are, ~ 4.2 - 6 . 6 keV, and a ~ 41° 
- 53°.
The results of statistical study of the behavior of the 
observed upward flowing 0+ and H+ are used to infer that the 0+ ions 
receive higher energy and have wider pitch angle widths than H+ ions 
(Sharp, 1980). This relative 0~r and H+ energy distributions and 
angular distributions are considered to be consistent with a mass 
dependent transverse acceleration mechanism which preferentially 
acts on the 0+ ions. Several mechanisms with these characteristics 
have been proposed by Lysak et al. (1980) involving resonant wave- 
particle interactions, and Lennartsson (1980) involving fluctuating 
or small-scale transverse electric fields, et al.
In Section 4, we have already seen that the 0+ ions will have 
distinctly larger pitch angles, larger kinetic energy gain and 
larger acceleration region than H+ ions In the V-shaped DC electric 
potential in which A is not close to 1.0. Therefore, we believe 
that this characteristic of the observed 0+ and H+ can be explained 
as a direct result of the acceleration in the V-potential double 
layers. And we can also come to this conclusion that most cases in 
which 0+ and H+ ions are observed, are accelerated in a potential 
pattern like that shown in Figure 3.3 (A < 1 ).
It should be noted that the acceleration in a V-shaped 
potential will lead to a non-uniform latitudinal distribution in
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pitch angle and kinetic energy. The particles attain the maximum 
Kinetic energies and the maximum pitch angles at their closest
k
positions to the x = 0  plane. The intense energetic ion flux is 
formed around the x = 0  plane in most cases. The observed ion 
conic ^tribution cannot be identified with acceleration in narrow 
V-potentials yet, because the transit time of a satellite through
the potentials is much less than the time it takes to observe the 
conics. A more detailed observation is needed to make clear the
pitch angle-latitudinal relation and the energy-latitudinal relation 
of upward flowing ions. This will be helpful for our understanding 
of the nature of the energization process of the ions in the 
electric field existing in the discrete auroral arcs and the
formation of ion conics.
The ion acceleration process in the S—shaped potential is very
similar to that in the V-shaped. For the L < p case, the
x ~ i
acceleration leads to a ion conic distribution.
7. Conclusion
The results of this study can be summarized as follows:
(1) The ion trajectories in the two-dimensional V-shaped and S- 
shaped auroral potential structures can be described by five types 
of motion patterns:
(a) Continuous acceleration in the direction of transverse electric
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field when the component of VE in this direction is larger than the 
critical value; this acceleration will lead to a large amplitude of 
oscillation.
(b) Drift motion in the direction of the transverse electric field 
when the gradient VE of the transverse electric field has a 
component parallel to the magnetic field; in a V-shaped potential, 
this component is always > 0 , and it approaches to zero, when z + «; 
the velocity of this drift motion will increase, then decrease, and 
finally vanish with the increase of the altitude z; the drift motion 
makes the ions moving towards the central part of the V-shaped 
potential.
(c) Drift motion in the E x B direction.
(d) Gyrational motion.
(e) Acceleration in the parallel direction.
(2) The ion acceleration in a V—shaped or S—shaped auroral
potential with a transverse scale length L < p., can lead to a
x ~ 1
conic distribution. Different potential structures correspond to 
different angular and energy distribution of the upward flowing 
ions. The results of this study support the idea that the conic 
distribution of upward flowing ions can be produced by the
perpendicular ion acceleration in the V-shaped and S-shaped quasi­
static auroral potential.
(3) Due to the acceleration in a V-shaped or S-shaped potential, 
the 0+ ions usually have larger kinetic energy gain and a wider 
acceleration region than H+ . In a thin potential structure or 
Lx ~ ° * 7 pi (scaling in H+ gyroradius), the maximum kinetic energy 
should be the same for 0+ and for H+ , this is also true for 0+ and 
H ions at the central part of the V—shaped structure of large scale 
Ljj. These results are in agreement with the observations reported 
by Collins et al. (1980).
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